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We investigated the anti-icing characteristics of superhydrophobic surfaces with various morphol-
ogies by using quartz crystal microresonators. Anodic aluminum oxide (AAO) or ZnO nanorods
were synthesized directly on gold-coated quartz crystal substrates and their surfaces were rendered
hydrophobic via chemical modifications with octyltrichlorosilane (OTS), octadecyltrichlorosilane
(ODS), or octadecanethiol (ODT). Four different hydrophobic nanostructures were prepared on the
quartz crystals: ODT-modified hydrophobic plain gold (C18-Au), an OTS-modified AAO nanos-
tructure (C8-AAO), an ODS-modified AAO nanostructure (C18-AAO), and ODT-modified ZnO
nanorods (C18-ZnO). The water contact angles on the C18-Au, C8-AAO, C18-AAO, and C18-ZnO
surfaces were measured to be 91.4◦, 147.2◦, 156.3◦, and 157.8◦, respectively. A sessile water droplet
was placed on each quartz crystal and its freezing temperature was determined by monitoring the
drastic changes in the resonance frequency and Q-factor upon freezing. The freezing tempera-
ture of a water droplet was found to decrease with decreases in the water contact radius due to
the decreases in the number of active sites available for ice nucleation. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4906510]
The freezing of a water droplet on solid surfaces is
commonly observed on objects we encounter in our daily
lives such as air conditioners, power transmission lines,
refrigerators, and aircraft. The uncontrolled growth of frost
layers on solid surfaces causes serious problems due to the
additional thermal resistance, pressure drop, or drag force.1–4
A number of methods have been developed for the de-icing and
anti-icing of solid surfaces in recent decades. Conventional
de-icing methods rely on the melting or breaking of ice,
which requires energy. In contrast, anti-icing methods based
on the development of ice-repellent coatings have attracted
much attention recently because they prevent or reduce ice
accumulation without requiring external energy.5–7 Super-
hydrophobic surfaces are considered promising ice-repellent
materials because of their nonwetting surface properties.8–12
The low surface energy and poor heat transfer efficiency of
superhydrophobic surfaces reduce ice adhesion and retard the
freezing of water droplets on their surfaces.13–17
Most research into the anti-icing characteristics of super-
hydrophobic surfaces has used video microscopy to investigate
the influence of their wettability and morphology on anti-icing
performance.18–24 Although it is simple and straightforward
to monitor the freezing of a water droplet macroscopically,
such optical techniques are not suitable for monitoring the
phase changes on a surface between a water droplet and a
substrate. The freezing of a water droplet on solid surfaces
is a complicated process involving simultaneous mass and
heat transfer. A sessile water droplet starts to freeze at the
solid surface and gradually freezes in an upward direction
a)Author to whom correspondence should be addressed. Electronic mail:
jeons@postech.ac.kr
because the heat transfer at the water-solid interface is more
effective than in other regions of the droplet.25,26 The freezing
of a water droplet at the water-solid interface is affected by
the morphology and wettability of the solid surface, but the
freezing of an entire water droplet is affected not only by the
surface characteristics but also by environmental factors such
as air flow.
In this study, we used a quartz crystal microresonator
(QCM) to investigate the influence of the morphology and
wettability of superhydrophobic surfaces on the freezing
temperature of a water droplet. The resonance frequency of
a quartz crystal is sensitive to changes in mass and viscous
damping only in the vicinity of its surface (∼1 µm) because
the acoustic wave decays rapidly with the distance from
the surface,27,28 which enables the sensitive evaluation of
anti-icing performance. We synthesized anodic aluminum
oxide (AAO) or ZnO nanorods directly onto gold-coated
quartz crystal substrates and rendered their surfaces hydro-
phobic or superhydrophobic via chemical modifications with
octyltrichlorosilane (OTS), octadecyltrichlorosilane (ODS),
or octadecanethiol (ODT). The changes with temperature in
the resonance frequencies and the Q-factors were measured
for the surfaces with various wettabilities and morphologies.
This study, to the best of our knowledge, presents the first
application of QCMs to the investigation of the anti-icing
performances of hydrophobic and superhydrophobic surfaces.
For the preparation of a porous AAO nanostructure on a
quartz crystal, a high purity Al film was deposited (2 µm) on
the quartz crystal substrate and a two-step anodization process
was conducted as described elsewhere.27,29 In brief, the Al
film was anodized in a 0.3 M oxalic acid solution at 15 ◦C
by applying 40 V for 10 min. Then, the irregularly grown
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aluminum oxide layer was selectively removed by immersing
the substrate in a mixture of phosphoric acid (5 wt. %) and
chromic acid (2 wt. %) at 60 ◦C for 10 min. The resulting
Al film with dimple structures was anodized again under the
same conditions for 10 min to produce an aluminum oxide
layer with ordered nanopores. The average pore diameter was
increased to 80 nm by incubation in a 0.1 M phosphoric acid
solution at 30 ◦C for 60 min. For the preparation of ZnO
nanorods on a quartz crystal, 30 nm thick ZnO seed layers were
deposited on a quartz crystal substrate and ZnO nanorods were
hydrothermally grown on the coated quartz crystal at 90 ◦C for
75 min in a 10 mM Zn(NO3) ·6H2O solution at a pH of 10.6.30
The anti-icing performances of various nanostructured
quartz crystal substrates were assessed by measuring the
changes in the resonance frequencies and Q-factors with
decreases in temperature. The Q-factor of a quartz crystal
resonator is defined as the ratio of the energy stored to the
energy dissipated per cycle and is inversely proportional to
the dissipation factor. Each nanostructured quartz crystal was
placed inside a jacketed glass beaker that was connected to
a refrigerated circulating bath (JEIO Tech, Korea) containing
ethanol as a coolant. The temperature of the quartz crystal
substrate was measured with a thermocouple attached to
the quartz crystal holder. A 2 µl water droplet was placed
on the quartz crystal substrate at 5 ◦C and the temperature
was gradually decreased to −10 ◦C (see Figure S1 in the
supplementary material for the temperature profile).31 The
temperature-dependent changes in the resonance frequency
and Q-factor of the quartz crystal were monitored in situ
by connecting the electrodes to a custom-built PC-based
conductance measurement system.28 The resonance frequen-
cies and Q-factors were calculated from Lorentzian fits of
the conductance spectra. The water contact angle of each
nanostructure surface was measured by using a goniometer
(SmartDrop, Femtofab, Korea) with a 2 µl water droplet.
ZnO nanorods or AAO nanostructures were synthesized
directly onto quartz crystal substrates. Figure 1(a) shows a
scanning electron microscopy (SEM) image of a porous AAO
nanostructure. The mean pore diameter, pore-to-pore distance,
and thickness of the AAO nanostructure were measured to
be 80 nm, 100 nm, and 1.2 µm, respectively. ZnO nanorods
were grown directly on a quartz crystal substrate by using
the hydrothermal method, and the height, diameter, and rod-
to-rod distance of the resulting ZnO nanorods were found
to be 1.2 µm, 90 nm, and 100 nm, respectively (Figure
1(b)). The insets in Figures 1(a) and 1(b) show optical
microscopy images of the quartz crystal surfaces with an AAO
nanostructure and ZnO nanorods, respectively. The diameter
of each nanostructure pattern is 1.27 cm. In addition to these
nanostructured quartz crystal substrates, a conventional gold-
coated quartz crystal was prepared to investigate the influence
of surface morphology on anti-icing performance.
The surfaces of the quartz crystals with AAO nanostruc-
tures and ZnO nanorods were chemically modified to render
them hydrophobic by incubating them in 10 mM OTS, 10 mM
ODS, or 10 mM ODT for 3 h. Thiol-functionalization (ODT)
was applied to the ZnO nanorods and the gold surface whereas
silane-functionalization (OTS and ODS) was applied to the
AAO nanostructures. Four different hydrophobic or superhy-
drophobic surfaces were prepared: ODT-modified plain gold
(C18-Au), an OTS-modified AAO nanostructure (C8-AAO),
an ODS-modified AAO nanostructure (C18-AAO), and ODT-
modified ZnO nanorods (C18-ZnO). Although it was reported
that the surfaces coated with alkylsilane gradually lost their
ice repellency upon repeated icing/deicing cycles,32 negligible
changes in the ice repellency were observed during the
experimental period. The water contact angles were measured
at eight different locations on the C18-Au, C8-AAO, C18-
AAO, and C18-ZnO substrates and found to be 91.4±1.5◦,
147.2± 0.5◦, 156.8± 0.7◦, and 157.5± 0.7◦, respectively, as
shown in Figures 2(a)-2(d). In contrast to the hydrophobic
surfaces, a plain gold-coated quartz crystal substrate was found
after UV irradiation for 20 min (UV-Au) to exhibit hydrophilic
characteristics with a water contact angle of 10.7±2.5◦. C18-
Au, C18-AAO, and C18-ZnO were compared to investigate
the effects of surface morphology on anti-icing performance
whereas C8-AAO and C18-AAO were compared to investigate
the effects of surface wettability.
The wettabilities of the quartz crystal surfaces were inves-
tigated by placing a 2 µl water droplet on each quartz substrate
and measuring the change in the resonance frequency. Figure
2(e) shows the variation in the resonance frequency upon
placement of a 2 µl water droplet on each quartz crystal
substrate. The change in the mass of a quartz crystal is directly
related to the change in the resonance frequency according to
the Sauerbrey equation,33
∆m=− A
√
ρqµq
2 f02
∆ f , (1)
where A (cm2) is the active area of the quartz crystal,
ρq (2.648 g/cm3) is the density of quartz, f0 is the reso-
nance frequency of the unloaded quartz crystal, and µq
(2.947 ×1011 g/(cm s2)) is the shear modulus of quartz. The
frequency change was not converted to a mass change here
because only a small portion of the quartz crystal substrate was
FIG. 1. SEM images of (a) an AAO
nanostructure and (b) ZnO nanorods.
The insets show optical microscopy im-
ages of the quartz crystal microres-
onators with each nanostructure. The
diameter of the nanostructure pattern on
the quartz crystal substrate is 1.27 cm.
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FIG. 2. Optical microscopy images of
water droplets on (a) C18-Au, (b) C8-
AAO, (c) C18-AAO, and (d) C18-ZnO.
(e) Variation in the resonance frequency
with contact radius or contact angle
due to the loading of a 2 µl water
droplet onto the various quartz crystal
substrates.
covered with a water droplet. However, it is safe to assume that
the frequency change correlates qualitatively with the mass
change. The frequency change upon the placement of a water
droplet decreases with increases in the water contact angle
(i.e., with decreases in the water contact radius). This trend
arises because the resonance frequency of a quartz crystal
vibrating in a thickness shear mode is affected only by the
mass change near the surface. The decay length of the shear
wave of a quartz crystal immersed in a fluid is given by
δ =
(
ηl
π f ρl
) 1
2
, (2)
where f is the resonance frequency of the quartz crystal,
ρl and ηl are the density and viscosity of the surrounding
fluid, respectively. The decay length of the shear wave of a 5
MHz quartz crystal in water at 25 ◦C is only ∼240 nm, so the
frequency change is affected not by the entire mass of the water
droplet on the quartz crystal but only by the mass of the water
near the surface, which is proportional to the contact radius (or
contact area).27 The contact radius of the water droplets on the
quartz crystals increases in the following order (which is the
order of decreasing contact angle): C18-ZnO (0.33±0.02 mm)
< C18-AAO (0.35±0.02 mm) < C8-AAO (0.45±0.05 mm)
< C18-Au (1.31±0.08 mm) < UV-Au (5.52±0.57 mm). As
a result, the largest decrease in resonance frequency upon
the placement of a 2 µl water droplet was observed for the
hydrophilic UV-Au due to its largest contact radius.
To investigate the influence of the surface morphology
or surface wettability on the anti-icing performance, each
quartz crystal substrate with a 2 µl water droplet on its
center was placed inside a jacketed glass beaker and the
changes in the resonance frequency and Q-factor (which is
inversely proportional to the full width at half maximum
of the peak) with decreasing temperature were monitored.
Figure 3 shows the conductance spectra of C18-Au at three
different temperatures during cooling from 5 ◦C to −10 ◦C.
The resonance frequency decreases upon the placement of
a water droplet due to the increase in mass loading (black
to red). A further decrease in the resonance frequency was
observed during cooling (red to blue), which is attributed to
the gradual condensation of water vapor. A control experiment
was conducted on C18-Au without the addition of a water
droplet and a similar decrease in the resonance frequency
was observed, which indicates that this frequency decrease is
caused by the condensation of water vapor (see Figure S2 in
the supplementary material).31 It is interesting to note that a
dramatic increase in the frequency is evident upon the freezing
of the water droplet (blue to green). The water droplet is
viscously coupled with the quartz surface and vibrates out-of-
phase with the substrate (i.e., the decay length is relatively
small) whereas the ice droplet is elastically coupled with
the quartz surface and vibrates in-phase with the substrate
(i.e., the decay length is relatively large). Further, the optical
microscopy image of a water droplet shows that the contact
radius after freezing is larger than that before freezing due to
the volume expansion upon freezing. As a result, the phase
transition from water to ice is expected to cause a decrease in
the resonance frequency. The abnormally large increase in the
resonance frequency upon the freezing of the water droplet is
attributed to changes in the surface stress of the quartz crystal
substrate. The increase in the contact radius during the freezing
of the water droplet induces an increase in the surface stress
of the quartz crystal, which increases the resonance frequency
and decreases the Q-factor of the quartz crystal.34,35
Figures 4(a) and 4(b) show the temperature-dependent
changes during cooling in the resonance frequencies and Q-
factors, respectively, of various quartz surfaces with a water
FIG. 3. Conductance spectra of C18-Au: without a water droplet at 5 ◦C
(black), with a 2 µl water droplet at 5 ◦C (red), right before freezing of the
water droplet (blue), and right after freezing of the water droplet (green).
Note that the scales on the top x-axis and the upper y-axis for the three peaks
(black, red, and green) are different from the scales on the bottom x-axis and
the lower y-axis for the green peak. The optical microscopy images show a
water droplet on C18-Au before and after freezing.
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FIG. 4. Variations with the decreasing temperature in (a) the resonance frequencies and (b) the Q-factors of various quartz crystal substrates: UV-Au (black),
C18-Au (red), C8-AAO (green), C18-AAO (blue), and C18-ZnO (magenta). (c) Variation in the freezing temperature (Tf ) of a water droplet on various quartz
substrates as a function of the water contact radius. The curve was inserted as a guide.
droplet. The sharp changes in the resonance frequency and Q-
factor upon freezing enable the determination of the freezing
temperature of a water droplet on each surface. The freezing
temperature of the water droplet on each surface decreases
in the order UV-Au (−1.2±0.5 ◦C), C18-Au (−3.2±0.3 ◦C),
C8-AAO (−7.7±0.3 ◦C), C18-AAO (−9.1±0.4 ◦C), and C18-
ZnO (−9.3±0.2 ◦C) as shown in Figure 4(c), which indicates
that the freezing temperature decreases with increasing water
contact angle due to the decreased number of active sites for ice
nucleation. Note that the freezing temperature measured using
QCMs does not represent the temperature for the freezing of
the entire water droplet but rather the temperature for the
freezing of the water at the water-solid interface because the
frequency changes of QCMs are only sensitive to regions near
the surface. The changes in the resonance frequency at the
freezing temperature decrease with increasing water contact
angle (i.e., with decreasing water contact radius) whereas the
changes in the Q-factor at the freezing temperature increase
with increasing water contact angle. This trend arises because
the freezing of a water droplet with a small water contact
radius induces smaller increases in the surface stress of the
quartz crystal and the initial Q-factor of the quartz crystal
with a small water contact radius (i.e., less viscous damping)
is larger than that with a large water contact radius.
We used quartz crystal microresonators to investigate
the influence of surface wettability and surface morphology
on the anti-icing performances of various surfaces. Five
different structures were prepared directly on quartz crystal
microresonators including UV-Au, C18-Au, C8-AAO, C18-
AAO, and C18-ZnO. Their surface wettability varied from
hydrophilic to superhydrophobic due to different chemical
modifications and surface morphologies. The freezing of
sessile water droplets on the quartz crystals was found to
induce drastic changes in their resonance frequencies and Q-
factors due to the changes in surface stress upon freezing. We
found that C18-ZnO exhibited the best anti-icing performance
(i.e., the lowest freezing temperature), which arises because its
water contact radius (i.e., the number of active sites available
for ice nucleation) is the smallest.
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Transport of Korean government.
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